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ABSTRACT 

The objective of this work was to develop a test method,  or methods, for 
the measurement of damping of fiber-reinforced plastics.    Damping is a 
measure of the energy loss of a material subjected to cyclic strain.    This 
parameter has a major effect on the mechanical behavior of dynamically 
loaded structures.    A number of test methods were reviewed for applica- 
bility to testing fiber-reinforced plastics.    Two methods were selected: 
free-free vibration and forced vibration,  both using a thin beam in trans- 
verse vibration.    The free-free method gives better accuracy,  and the 
forced vibration method allows measurement of damping at various stress 
levels.    The accuracy of each method was evaluated by measuring the 
damping of 2024-T4 aluminum, for which theoretical and experimental 
values are well established. 
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LIST OF SYMBOLS 

c specific heat per unit volume,   psi 

E modulus of elasticity,  psi 

f j frequency below resonance frequency at which amplitude is 
3 db less than that at resonance, Hz 

f2 frequency above resonance frequency at which amplitude is 
3 db less than that at resonance, Hz 

fn frequency at resonance, Hz 

g damping or tangent of the angle between strain and stress 

h thickness of cantilever beam, ft 

k thermal conductivity,  lb/sec 0F 

T absolute temperature,  0K 

W energy,  ft-lb 

AW change in energy,  ft-lb 

a coefficient of linear expansion,  in. /in, /0F 

u vibration frequency,  rad 

T characteristic relaxation time, ft4/sec 0F 
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INTRODUCTION 

As a result of the outstanding sirength-to-weight ratio of many fiber- 
reinforced plastics (FRP),   a variety of applications of these materials 
are being considered for future aircraft structural components.    In the 
majority of these applications, dynamic structural behavior is a primary 
consideration. 

The viscoelastic properties of materials become important for dynamic 
loading.    One of these properties, damping,  is of particular interest to 
the aircraft designer for the following reasons:   damping limits the 
amplitude of vibration in a structure that is being excited at its natural 
frequency, damping may be a significant factor in noise reduction, and 
it may be a source of dynamic instability in rotating shafts. 

Our knowledge of the physical properties of FRP materials is largely 
composed of static test data.    Information on damping properties of 
these materials is practically nonexistent.    For these reasons, measure- 
ment of damping in FRP was made the primary objective of this effort. 



DEFINITION OF DAMPING 

The c o n v e r s i o n of e l a s t i c e n e r g y to h e a t i s t e r m e d i n t e r n a l f r i c t i o n o r 
d a m p i n g . M a t h e m a t i c a l r e p r e s e n t a t i o n of t h i s p h e n o m e n o n v a r i e s c o n -
s i d e r a b l y in the l i t e r a t u r e , being l a r g e l y d e t e r m i n e d by the s e t of p h y s -
i ca l p a r a m e t e r s chot .en f o r m e a s u r e m e n t . Ye. S. Sorok in 1 d e s c r i b e s 
nine g r o u p s of m e t h o d s f o r m e a s u r i n g d a m p i n g , each of which p r o d u c e s 
a quan t i t a t i ve m e a s u r e of i n t e r n a l f r i c t i o n and h a s a d i f f e r e n t m a t h e -
m a t i c a l r e p r e s e n t a t i o n . 

The d e f i n i t i o n s u sed t h roughou t t h i s r e p o r t a r e b a s e d on a l i n e a r r e l a t i o n -
sh ip be tween s t r e s s and s t r a i n , and on the d i s s i p a t i v e f o r c e s being p r o -
p o r t i o n a l to the v e l o c i t y . Damping is de f ined as the t angen t of the ang le 
by which the s t r a i n l a g s s t r e s s . F o r f r e e - f r e e cond i t i ons , the t angen t 
angle m a y be ob ta ined by ca l cu l a t i ng the l o g a r i t h m i c d e c r e m e n t (log dec ) , 
which is the n a t u r a l l o g a r i t h m of the r a t i o of any two s u c c e s s i v e m e a -
s u r e d a m p l i t u d e s of v i b r a t i o n , and by us ing the fol lowing r e l a t i o n s h i p : 

log dec 
g ir 

F o r f o r c e d v i b r a t i o n of a m a t e r i a l , the damping m a y be c a l c u l a t e d by 
taking the r a t i o of the d i f f e r e n c e in f r e q u e n c y be tween the 3 - d b l e v e l s on 
e i t h e r s ide of the r e s o n a n c e peak to the r e s o n a n c e f r e q u e n c y . 

D e r i v a t i o n s f o r the above r e l a t i o n s a r e con ta ined in R e f e r e n c e 2. 



T E S T METHODS 

A v a r i e t y of t e s t m e t h o d s w e r e c o n s i d e r e d f o r m e a s u r i n g the d a m p i n g of 
f i b e r - r e i n f o r c e d p l a s t i c s . The m o r e s i g n i f i c a n t of t h e s e a r e d e s c r i b e d 
be low. 

ULTRASONIC METHODS 

Mos t such m e t h o d s ca l l f o r the i n j e c t i o n of a son ic s i g n a l into the m a t e -
r i a l and the m e a s u r e m e n t of the a t t enua t i on of t h i s s i g n a l a c r o s s a known 
pa th leng th in the m a t e r i a l . The c o n f i g u r a t i o n tha t g i v e s the b e s t r e s u l t s 
i s a long, thin rod , wh ich is not an a m e n a b l e shape f o r c o m p o s i t e s wi th 
c r o s s - p l y l a y u p s . 

T H E R M A L METHODS 

T h e s e m e t h o d s u s u a l l y r e l y on t e m p e r a t u r e change due to h e a t g e n e r a t e d 
by d a m p i n g and on t h e r m o d y n a m i c r e l a t i o n s h i p s f o r change in t e m p e r a -
t u r e and change in e n e r g y , AW. The t o t a l e n e r g y , W, is c a l c u l a t e d f r o m 
s t r e s s d e f o r m a t i o n , and the d a m p i n g is the r a t i o AW/W. T h e r m a l 
m e t h o d s a r e l i m i t e d in a c c u r a c y by a n u m b e r of f a c t o r s , the m o r e i m -
p o r t a n t of which is tha t when the m a t e r i a l h a s a low va lue of d a m p i n g , 
h igh s t r e s s e s a r e r e q u i r e d in o r d e r to obta in a m e a s u r a b l e t e m p e r a t u r e 
c h a n g e . 

F R E E DECAY O F VIBRATIONS 

T h i s i s one of the b e t t e r - k n o w n m e t h o d s f o r m e a s u r i n g d a m p i n g . In 
p r i n c i p l e , the d a m p i n g is p r o p o r t i o n a l to the r a t i o of s u c c e s s i v e a m p l i -
t u d e s of v i b r a t i o n of the s p e c i m e n . High a c c u r a c y of m e a i u r e m e n t can 
be ob ta ined b e c a u s e v e r y l i t t l e e n e r g y is l o s t to the s u p p o r t s holding the 
s p e c i m e n if the e x p e r i m e n t is c a r e f u l l y done . B e c a u s e of the i n h e r e n t 
a c c u r a c y of t h i s m e t h o d , it w a s s e l e c t e d f o r f u r t h e r d e v e l o p m e n t . 

HYSTERESIS M E A S U R E M E N T S 

If the s t r e s s / s t r a i n r e l a t i o n s h i p is p lo t ted f o r a m a t e r i a l u n d e r g o i n g cyc l i c 
s t r a i n , t he d a m p i n g can be c a l c u l a t e d f r o m the r e s u l t i n g h y s t e r e s i s loop. 
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F o r m a t e r i a l s wi th l a r g e d a m p i n g , th i s m e t h o d can be qui te a c c u r a t e and 
conven i en t ; h o w e v e r , f o r s m a l l v a l u e s of d a m p i n g , d i f f i c u l t i e s in m e a -
s u r i n g the s t r a i n c a u s e i n a c c u r a c i e s . 

F O R C E D OSCILLATIONS IN T H E VICINITY O F RESONANCE 

If the a m p l i t u d e of v i b r a t i o n v e r s u s the f r e q u e n c y of v i b r a t i o n of a 
m a t e r i a l is r e c o r d e d , then the d a m p i n g m a y be c a l c u l a t e d f r o m th i s 
c u r v e . Although th i s me thod is not h ighly a c c u r a t e , p r i m a r i l y owing to 
l o s s of e n e r g y to the s u p p o r t s , it is u s e f u l s i n c e one m a y m e a s u r e d a m p -
ing at high s t r e s s l e v e l s ; f o r t h i s r e a s o n , th i s m e t h o d w a s a l s o s e l e c t e d 
f o r d e v e l o p m e n t . 



EXPERIMENTAL PROCEDURES AND APPARATUS 

FREE-FREE METHOD 

The f i r s t me thod deve loped w a s the f r e e - f r e e v i b r a t i o n of a th in b e a m . 
In th i s a p p a r a t u s , shown in F i g u r e 1, the b e a m is s u s p e n d e d at the n o d a l 
po in t s f o r the f i r s t m o d e of v i b r a t i o n by No. 50 cot ton t h r e a d a t t a c h e d to 
the a d j u s t a b l e s u p p o r t s . T h e s e s u p p o r t s r e s t on a r ig id bed to al low i n -
s e r t i o n and r e m o v a l of the a s s e m b l y f r o m the v a c u u m c h a m b e r . The 
t h r e a d s u s p e n s i o n s e r v e s to depoup le the b e a m v i b r a t i o n s f r o m the s u p -
p o r t f i x t u r e . U n l e s s decoup l ing is u s e d , a s i gn i f i c an t t r a n s f e r of e n e r g y 
f r o m the b e a m to the s u p p o r t s m a y o c c u r . 

The b e a m is exc i t ed by an e l e c t r o d y n a m i c r e l a y wi th a c o r e t r a n s l a t i o n 
of 0. 6 inch w h e n e n e r g i z e d . A h e l i c a l s p r i n g r e t r a c t s the c o r e of the 
co i l when the co i l is d e e n e r g i z e d . 

F i g u r e 1. F r e e - F r e e T e s t A p p a r a t u s . 
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The vibration amplitude of one end of the beam is measured with a non- 
contacting optical-electronic device (Optron).    Signals from this instru- 
ment are put through a ±2. 5-Hz band-pass filter centered on the vibration 
frequency of the beam; then they are passed on to a recording light beam 
galvanometer.    A block diagram of this circuit is shown in Figure 2.    The 
filter is needed because the optical electronic measuring device has ap- 
preciable noise when measuring small deflections.    The attenuation of the 
signal by this filter does not affect the measurement of damping,  as this 
parameter is proportional to the ratio of successive measurements. 
Provided that the attenuation is constant throughout the amplitude range 
of the signal, the effect of this attenuation cancels out. 

--- OPTICAL LINK 

 ElECTRICAl LINK 

CO/ 4U/ I 

OPTRON 
BAND-PASS 

FILTER 
(SKL) 

RECORDING 
GALVA- 
NOMETER 
(CEC) 

TEST BEAM IN 
VACUUM CHAMBER 

Figure 2.    Free-Free Test Apparatus Block Diagram. 

FORCED VIBRATION METHOD 

This method is a modification of the method used by Granick and Stern3 

for damping measurements on aluminum.    The basic modification made 
to their test method was in the geometry of the specimen.    Granick and 
Stern used a double cantilever machined beam with a raised center sec- 
tion to allow mounting of the beam to a vibrator.    This beam geometry is 
unsuitable for fiber-reinforced plastics because of obvious fabrication 
difficulties.    If a flat laminate were machined with a raised portion in the 
center, discontinuous fibers on the beam surface would result, primarily 
in the root area.    The effects of such discontinuities are unknown,  and 
considerable difficulty is encountered in producing identical specimens. 



A number of gripping techniques were tried for converting a flat beam 
into a double cantilever beam.    The best suited of these was the use of an 
epoxy shoulder molded to the beam on each side, as shown in Figure 3. 

.0935' 

.12 

ri .1875' 

^ 

-i- 
Figure 3.    Forced Vibration, FRP Test Specimen Geometry. 

The double cantilever beam was mounted on the vibrator head of an 
electrodynamic shaker system (see Figure 4),  and the beam-vibrator 
head assembly was placed in a vacuum chamber subject to 0. 2mm Hg. 
The beam was excited by driving the shaker table at a resonant fre- 
quency of the test specimen.    The vibration amplitudes of both ends of 
the beam were measured with Optrons.    Signals from these instruments 
were processed in a manner similar to the free-free apparatus except 
that the output of the Optron was fed directly to a logarithmic converter 
and then to a servo X-XY plotter (tip amplitude of each cantilever versus 
frequency) as indicated on the block diagram. Figure 5.    Root stresses 
in the double cantilever beam were evaluated by measuring the dynamic 
tip deflection and computing the stresses from the equations of dynamic 
displacement.    The driving force was sinusoidal and was adjusted to give 
the desired root stress (by measuring tip deflection) at the resonant fre- 
quency of the beam.    The frequency was then reduced to a value at which 
the amplitude of vibration of the tip was 3 db down from the amplitude at 
resonance.    The frequency was then increased in discrete increments of 
(typically) . 01 Hz to the 3-db level on the other side of resonance.    The 
change in frequency necessary to accomplish this and the resonant fre- 
quency were recorded.    It should be noted that this method differs from 
that of Granick and Stern in that they essentially measure the "Q" of the 
beam at resonance to obtain damping.    This is an acceptable method; 
however, the equation used by Granick and Stern from Reference 4 is 
correct only for tests run in a vacuum.    If air drag is present,  the 
equation gives values of damping (material and air) which are higher than 
the true value.    Values of damping given in Reference 3 for aluminum 
beams tested in air are therefore questionable. 



F i g u r e 4. Double C a n t i l e v e r F R P B e a m Mounted on 
E l e c t r o d y n a m i c S h a k e r H e a d . 

CANTILEVER BEAM j 

LOG 
CONVERTER 

SERVO 
PLOTTER 

(2 CHANNEL) HO-)-
LOG 

CONVERTER r 
SERVO 

PLOTTER 
(2 CHANNEL) 

OPTRON HO-)- OPTRON 

LOG 
CONVERTER r 

ELECTRICAL LINK 
OPTICAL LINK 

LING 
VIBRATOR 

& CONTROLS 

F i g u r e 5. F o r c e d V i b r a t i o n T e s t A p p a r a t u s Block D i a g r a m . 
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EXPERIMENTAL RESULTS 

ALUMINUM 

To obtain a figure of merit for the two systems of measuring damping, 
2024-T4 aluminum was measured in each apparatus.    The damping of 
2024-T4 aluminum has been established experimentally3 and theoreti- 
cally*  by Zener's anelastic theory for metals and is therefore well 
suited for this purpose. 

A thin metal beam in transverse vibration has damping according to 
Zener as follows: 

g   = 
^ET   f     <ar       1 

c Ll   + «2T2J 

where a = coefficient of linear expansion, in. /in. /0F 

c = specific heat per unit volume, psi 

E = modulus of elasticity, psi 

T - absolute temperature, 0K 

«f = vibration frequency,  rad 

g = material damping coefficient 

r   =   characteristic relaxation time, —r— 
ir2k 

h   =   thickness of cantilever beam, ft 

k   =   thermal conductivity,  lb/sec 0F 

Examination of this equation shows that for a given test specimen,  « is 
the only variable,  and g goes through one maximum as w  is varied. 
Values for the physical constants appearing in the equations were ex- 
tracted from Reference 6, except for the modulus of elasticity, the 
specific heat, and the thermal conductivity, which were measured on 
representative samples of the same material used for damping studies. 



An experiment was conducted so that the natural resonance of the test 
beams varied from below to above the frequency at which the maximum 
damping occurs.    In Figure 6 this peak frequency is plotted versus beam 
thickness.    The natural resonance of the beam versus the beam thickness 
and length has also been plotted on Figure 6.    As shown on the plot, a 
length corresponding to a thickness between . 065 inch and . 07 inch gives 
a reasonable length beam for testing.    Shorter beams have too small an 
aspect ratio for their motion to be approximated by the linear beam 
equation,   and longer beams develop too great a sag for realistic testing. 
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Figure 6.    Plot of Free-Free Beam Vibration Frequency Versus 
Beam Thickness for Different Beam Lengths, Showing 
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Experimental values obtained on a »ample of 2024-T4 aluminum using the 
fre«-fr«« apparatus are compared with calculated values from Zener's 
equation in Figure 7.    The close agreement of these results demonstrates 
that the free-free apparatus gives the material damping quite accurately. 

II ■ 
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Figure 7.    Damping Versus Frequency for 2024-T4 Aluminum; 
Theoretical and Experimental. 

FIBERGLASS 

Fiber-reinforced plastic beam specimens were cut from panels lami- 
nated with type 1009-265 preimpregnated,  nonwoven fiberglass tape, 
which was cured between heated platens under 30-psi pressure at 3250F 
for 27 minutes.    Fiber orientations were 0° (unidirectional) for one type 
of specimen,  and 0° plies alternated with 90° plies (0° on both face plies) 
for the other type of specimen. 
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Physical dimensions were chosen to give similar frequency values for 
beam dimensions comparable to the aluminum beams tested.    Tests were 
conducted using both the free-free and the forced vibration method. 

Test results for both methods are given in Tables I and II and are graphi- 
cally depicted in Figure 8.    One can observe a difference between the 
damping values obtained by the free-free method and those resulting from 
the forced vibration method.    While there is a difference in level of stress 
at which the results were generated, it is believed that this was not the 
major cause of the difference in damping values observed; the trend indi- 
cated by the curves in Figure 8 is that damping values for FRP at a given 
frequency will remain constant for those stress levels at which the pro- 
portional limit is not exceeded.    Rather,  it is believed that the difference 
in damping measured between the two techniques is due mostly to the 
difference in boundary conditions (the forced vibration technique can lose 
more energy at the specimen support). 

TABLE I.    DAMPING VALUES OF FRP UNIDIRECTIONAL LAYUP, 
AS MEASURED BY THE FREE-FREE METHOD 

Pressure Temperature           Frequency Damping 
(mm Hg) (0F) (Hz) (x 10-4) 

.09 80 15.29 10.71 

.09 80 15.31 10.74 

. 10 79 20.00 10.22 

. 10 79 20.00 10,32 

. 10 80 24.7 9 9.91 

. 10 80 24.87 10.33 

. 10 78 28.35 9.84 

. 10 78 28.3« 9.94 

. 10 77 30.00 9.92 

. 10 77 30.00 9.93 

. 10 78 40.00 9.75 
, 10 78 40.00 10.51 
.09 , 72 50.00 11.05 
.09 72 50.00 11.12 
.09 73 70.00 9.67 
.09 73 70.00 10.08 
.09 73 90.00 10.91 
.09 73 90.00 10.84 
.09 73 110.00 13.45 
.09 73 110.00 12.20 
.09 73 110.00 12.79 
.09 74 145.00 9.99 
.09 74 145.00 9.89 
.09 74 157.00 9.59 
. 10 74 157.00 10, 12 
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TABLE II. DAMPING VALUES OF FRP.  0° - 90° LAYUP, 
AS MEASURED BY THE FREE-FREE METHOD 

Pressure Temperature Frequency Damping 
(mm Hg) (0F) (Hz) (x ID-4) 

.20 76 17.70 23.91 

.20 76 17.70 23.95 

.20 75 28.63 26.00 

.20 75 28.63 26.00 

.20 72 50.35 24. 20 

.20 72 50.35 24,7 3 

. 30 73 90.00 25.97 

.30 73 90.00 26.63 

.20 75 158.00 26.20 

.20 75 158.00 26.53 

X 

35 j 

30-- 

25-- 

20-- 

I5-- 

10-- 

5-- 

0-- 

\STRfSS lEVEL—10,000 psi 
for forced vibration tests, 
and less than 1,000 psi for 
free-free tests 

x   forced 
0C-90C 

unidirectional 

H 1 1—HH h H 1 1—f- H 
10 20     30   40 506070   100 200   300400500       1000 

FREQUENCY, HERTZ 

Figure 8. Damping Versus Frequency for Fiberglass, 
Unidirectional and 0° - 90° Layups; Forced 
Vibration and Free-Free Test Procedures. 
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CONCLUSIONS 

It is concluded that: 

1. Based on the close correlation between experimental and theo- 
retical values of damping in 2024-T4 aluminum,  the free-free 
test apparatus and experimental procedure described herein will 
yield true values of damping of thin beams in the frequency range 
of 16 to 157 Hz. 

2. The forced vibration test method is suitable for measuring damp- 
ing in fiberglass in the frequency range of 16 to 157 Hz and from 
2000-psi root stress up to that value of stress at which the 
resonance curve becomes unsymmetrical. 
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